A series of Pd/MIL-53(Al) heterogeneous bifunctional catalysts with different Pd contents were prepared by an impregnation method. The prepared metal-organic frameworks MIL-53(Al) and catalysts were characterized by XRD, SEM, HRTEM, FT-IR and N 2 adsorption/desorption techniques. The results showed that MIL-53(Al) was synthesized successfully, and the structure was unchanged during and after the preparation of the catalysts. The Pd nanoparticles (NPs) with an average particle size of 4.6 nm were uniformly dispersed on the MIL-53(Al). The catalyst exhibited good catalytic activity in the selective oxidation of liquid methanol to methyl formate. Under the conditions of 150 °C, 2 MPa O 2 and solvent-free for 5 h, the conversion of methanol could reach 60.3%, and the selectivity of methyl formate was up to 62.2%. In addition, the Pd/MIL-53(Al) bifunctional catalyst exhibited excellent stability and maintained high catalytic activity after five cycles.
Introduction
The liquid-phase oxidation of alcohols over supported metal catalysts is one of the important organic conversion reactions (Besson and Gallezot 2000; Dimitratos et al. 2012 ) and is of great significance for basic organic synthesis and fine chemical industries (Sheldon et al. 2000) . Methanol, as the simplest monohydric alcohol, can be produced from coal, natural gas, biomass and even carbon dioxide directly, so it is cheap and easily obtained. It is an important C1 platform molecule. The increasing maturity of synthesis technology has caused a serious excess of methanol production capacity. Many high value-added chemicals, such as formaldehyde, formic acid, methyl formate and methylal, can be obtained from methanol (Yuan et al. 2013; Shi et al. 2017; Kaichev et al. 2014; Ai 1982) . Among them, methyl formate (MF) is known as a versatile chemical intermediate (Jenner 1995; Lee et al. 1990) , and its molecule contains both ester and formyl groups. So, MF has rich reaction pathways and is often used to produce formamide, dimethylformamide, acetic acid, methyl acrylate, fumigants, pharmaceuticals and so on (Sharma et al. 2016; Nielsen et al. 2007 ). At present, methyl formate is mainly prepared by methanol carbonylation (Head and Tabb 1984) and methanol dehydrogenation (Sodesawa et al. 1986 ) in industry. The sodium methoxide catalyst used in the methanol carbonylation process is easily deactivated by hydrolysis, and its strong corrosiveness will also pollute the environment. The reaction temperature required for the methanol dehydrogenation process is high, which is not conducive to reducing energy consumption. The one-step selective oxidation of methanol to methyl formate with methanol and O 2 as raw materials is not limited by thermodynamic equilibrium, and is a green, economical and efficient synthesis route.
In the past few years, many metal oxides and noble metal catalysts have been used to catalyze the oxidation of methanol to methyl formate (Liu et al. 2008; Huang et al. 2012; Zhang et al. 2014; Li et al. 2013; Merte et al. 2013) . Recently, supported Pd nanoparticle catalysts have received considerable attention, due to the advantages of relatively low cost, high activity and resistance to poisoning, making them excellent candidates for catalysis (Zhao et al. 2013; . Among all the catalytic systems reported so far, Pd-based catalysts are the most efficient. They can achieve high activity and selectivity simultaneously (Yin et al. 2008; Wojcieszak et al. 2013b ). Wojcieszak et al. (2014b) loaded the same content (2 wt%) of Pd nanoparticles on TiO 2 and SiO 2 , respectively, and studied their catalytic performance in the vapor phase oxidation of methanol to methyl formate at low temperature (< 100 °C). Over Pd/SiO 2 catalyst, 88% of methanol conversion and 78% of methyl formate selectivity were obtained at 80 °C. Whiting et al. (2014) used a total metal loading of 1 wt% Au-Pd/TiO 2 catalyst to catalyze the vapor phase oxidation of methanol to methyl formate. Under the conditions of 30 °C, molar ratio of MeOH/O 2 /He of 5:2.5:92.5 and gas flow rate of 60 mL/ min, the conversion of methanol was 25% and the selectivity of methyl formate could reach 61%. However, in the process of gas-phase oxidation, the carbon loss caused by the formation of carbon oxides is a major problem. The CO produced in the reaction will cause poisoning and deactivation of the catalyst. Besides, as well the corrosion of equipment cannot be ignored. Compared with the continuous gas-phase reaction process, the liquid-phase batch reaction process can avoid gasification of raw materials and condensation of products, save energy and the production of toxic gases such as CO, improving the stability and reusability of the catalyst. However, there are very few studies aiming at methanol liquid-phase oxidation to high value-added products.
Metal-organic framework materials (MOFs), as emerging porous crystalline materials composed of metal ions/clusters and organic ligands, are widely used in the heterogeneous catalysis field due to their high porosity, large specific surface area and easy functionalization (Lee et al. 2009; Corma et al. 2010; Yan 2016, 2017) . Using MOFs to confine or stabilize metal nanoparticles can effectively prevent the migration and agglomeration of metal nanoparticles without the protection of surfactants. Meanwhile, the Lewis acidity of the MOF can interact with metal particles and achieve the purpose of bifunctional catalysis (Huang et al. 2017) . For example, Pd NPs supported on MIL-101 (MIL, Materials of Institute Lavoisier) could act as an effective bifunctional catalyst for the one-step synthesis of methyl isobutyl ketone (MIBK) from acetone in the presence of H 2 (Pan et al. 2010 ). Pd@UiO-66-NH 2 (UiO, University of Oslo) was used to catalyze the tandem oxidation-acetalization of benzyl alcohol and ethylene glycol with excellent activity and selectivity . MIL-53(Al) (Al(OH)[O 2 C-C 6 H 4 -CO 2 ]) is one of the most stable MOF structures, and its thermal stability can reach 500 °C, so it has great potential for industrial application.
To the best of our knowledge, there are no literature reports about the catalytic oxidation of methanol over MOF supported noble metal catalysts. In this work, a simple method was developed for preparing Pd/MIL-53(Al) bifunctional catalysts by assembling Pd NPs with high activity and stability in the pores of MIL-53(Al) for methanol liquidphase oxidation to methyl formate with molecular oxygen as oxidant. The catalysts can efficiently convert methanol to methyl formate under mild conditions. In addition, the effects of different reaction conditions on the catalytic performance and the reusability of the catalysts were also investigated. Based on the characterization of the catalysts and the reaction results, the possible reaction pathways of methanol oxidation and the role of Pd active species in the reaction were studied.
Experimental section

Preparation of catalysts
Synthesis of MIL-53(Al)
MIL-53(Al) was synthesized and purified according to the previous literature (Rallapalli et al. 2010 ) with a slight modification. 13 g Al(NO 3 ) 3 ·9H 2 O and 2.88 g 1,4-benzenedicarboxylic acid (H 2 BDC) were dispersed in 49 mL deionized water. After 30 min of ultrasonic mixing, the mixture was transferred to a 75 mL Teflon-lined steel autoclave and heated at 220 °C for 72 h. After completion of reaction, the autoclave was naturally cooled to room temperature, and the white powder obtained from centrifugation of the reaction liquid was washed with distilled water several times until the pH of the filtrate was ~ 7. The white solid was dried in air at 80 °C for 12 h. Then, it was extracted with hot DMF for 12 h to remove unreacted terephthalic acid in the MOF channels and washed with methanol three times. Finally, the solid was dried at 80 °C under vacuum for 2 h to obtain fine powder MIL-53(Al).
Synthesis of Pd/MIL-53(Al)
Prior to Pd loading, the MIL-53(Al) was activated at 150 °C for 12 h to eliminate unreacted benzenedicarboxylic acid molecules in the cavities. Pd nanoparticles were assembled in MIL-53(Al) by liquid-phase impregnation and NaBH 4 reduction. The activated MIL-53(Al) was ultrasonically dispersed in 100 mL ethanol and mechanically stirred in a 30 °C water bath for 30 min, and then, a certain volume of H 2 PdCl 4 solution (containing the required mass of Pd) was added dropwise into the support solution with rapid stirring continued for 12 h. The above solution was transferred to a 0 °C ice water bath, and a fresh solution of 0.1 M NaBH 4 (NaBH 4 /Pd (mol/mol) = 5) was added dropwise. The mixture was slowly stirred and reduced for 2 h. The slurry was filtered, and the resulting solid was washed thoroughly with ethanol. Then, it was dried at 60 °C for 12 h under vacuum. Following the above steps, Pd/MIL-53(Al) catalysts with Pd loading of 0.5, 1.0, 2.0, 3.0, 4.0, 5.0 and 6.0 wt% were prepared.
Characterizations
The catalysts were characterized by X-ray diffraction (XRD) using a D/Max 2500 VB 2+/PC diffractometer (Rigaku, Japan) with Cu Kα irradiation (λ = 1.5418 Å) at 40 kV and 50 mA. Scanning electron microscope (SEM) images of samples were obtained in a TESCEN MAIA3 scanning electron microscope with an accelerating voltage of 15 kV. The transmission electron microscopy (TEM) and high-resolution electron microscopy (HRTEM) images were carried out using a JEOL (JEM 2100) transmission emission microscope operated at 100 kV accelerating voltage. Fourier transform infrared spectroscopy (FT-IR) was performed on a Bruker VERTEX 70v instrument using KBr pellet samples. The N 2 adsorption-desorption measurement of the samples was undertaken on an ASAP 2020 M automatic specific surface area and aperture analyzer.
Catalytic activity evaluations
The experiments for catalytic activity evaluation were conducted in a 100-mL stainless autoclave equipped with gas inlet and outlet, heating and stirring apparatus. First, 5 mL of methanol and certain amounts of catalyst were successively added into the autoclave. Then, O 2 was continually injected into the autoclave to replace the air three times. When the particular pressure was reached, the gas inlet was shut down. The autoclave was then heated to the target temperature under continuous stirring and kept for a period of reaction time. After the reaction, the autoclave was cooled down to room temperature in an ice water bath. The centrifuged reaction solution was analyzed on a gas chromatograph (Beijing East & West Analytical Instrument, GC4000A, HJ-PLOTQ, 15 m × 0.5 mm × 40 μm) and analyzed quantitatively with an internal standard method to calculate the conversion rate of methanol, selectivity and yield of methyl formate. On the other hand, the gas products were gathered in collecting bags. The solid catalyst was centrifuged from the reaction solution, washed with ethanol and distilled water three times and then dried overnight under vacuum. The reusability tests were carried out as the procedures above.
Results and discussion
Catalysts characterization
XRD
The XRD spectra of the synthesized MIL-53(Al) and Pd/ MIL-53(Al) catalyst samples with different Pd loadings are shown in Fig. 1 . From patterns (b) to (f), it can be seen that the diffraction peaks at 8.9°, 10.3°, 15.2°, 17.86°, 20.4°, 25.2° and 26.9° could correspond with the peak position of the simulated peak reported by Loiseau et al. (2004) , indicating that the MIL-53(Al) crystal structure was successfully synthesized. In the spectral lines (c) to (f), there is no obvious change in crystal structure after the loading of Pd, indicating that MIL-53(Al) can serve as a stable support for immobilizing Pd nanoparticles. In addition, when the Pd loading reaches 3 wt%, the characteristic diffraction peak attributed to the Pd (111) crystal plane can be clearly seen at 40.1° (JCPDS 46-1043) (Wang et al. 2012) , and the intensity increases with the increase in the Pd loading amount, which proves successful assembling of Pd metal particles. On the other hand, when the Pd loading is less than 3 wt%, the diffraction peak of Pd is hardly observed due to the small particle size and high dispersion. Figure 2 shows the SEM and TEM images of synthesized MIL-53(Al) and 3 wt% Pd/MIL-53(Al). As can be seen from (a) and (d), MIL-53(Al) exhibits a regular nanorod structure Pd (111) 2θ, degree
SEM and TEM
Intensity, a.u. and retains its rod-like structure after Pd loading (Fig. 2b) , indicating that it has good stability during the loading process. Pd NPs were highly dispersed on the outer surface of the support, and no obvious particle agglomeration was observed at the edge of the crystal. The average particle size of the Pd NPs was 4.6 nm after counting the particle size of more than 200 particles using Image J software (Fig. 2e) . The HRTEM images of Pd NPs clearly indicate that the lattice fringe spacing is 0.23 nm (Fig. 2c, f) , which corresponds to the (111) crystal plane of the face-centered cubic (fcc) Pd (Huang et al. 2015) , and is also consistent with the XRD characterization. Pd nanoparticles with high dispersity and suitable particle size can provide great catalytic activity for the reaction (Chen et al. 2008) . Figure 3 shows the FT-IR spectra of MIL-53(Al) and Pd/ MIL-53(Al) with different Pd contents. MIL-53(Al) exhibits characteristic absorption peaks of carboxyl functional groups in the band of 1400-1700 cm −1 (Jiang et al. 2016 ). The absorption peaks appearing at 1608 and 1512 cm −1 are attributed to the asymmetric stretching vibration of -COO, whereas the absorption peaks appearing at 1435 and 1417 cm −1 are attributed to the symmetric stretching vibration of -COO (Rallapalli et al. 2010 ). This demonstrates the existence of -COO coordinated to the central Al. In addition, the absorption peaks between 730 and 1100 cm −1 belong to the stretching vibration of C-H, indicating the presence of the benzene ring structure in the catalyst (Rahmani and . As the Pd loading increased from 0.5 to 5 wt%, the peak position of the vibration peak was almost the same, and no shift occurred, indicating that the structure of MIL-53(Al) has not been destroyed during the loading process. With the increase in loading, more Pd nanoparticles are loaded on the surface of the support, so the intensity of the characteristic peaks gradually decreases. , slightly higher than the data reported in the previous literature (Rallapalli et al. 2010) , and the sharp increase in adsorption volume at low pressure (P/P 0 = 10 −6 -0.1) and the average pore size of 1.076 nm indicates the microporous characteristics of the material. After Pd loading, the specific surface area and pore volume of the material decreased slightly ( Table 1 ), indicating that some of the pores of MIL-53(Al) were occupied by Pd nanoparticles deposited on the surface (Gao et al. 2010; Ramos-Fernandez et al. 2012) , consistent with the TEM results. Compared with traditional solid acid catalysts such as oxides and molecular sieves, the larger specific surface area of MOFs can provide more active centers and contact areas, which is beneficial to the transfer and diffusion of molecules, thereby improving the yield and selectivity of specific reactions.
FT-IR
N 2 adsorption/desorption
Performance of liquid methanol oxidation
Methyl formate as an important derivative of methanol is also an important intermediate in C1 chemistry. Methanol, as an important chemical raw material, is not only abundant, but also cheap and easily obtained. The preparation of methyl formate from methanol by one-step oxidation is a green and efficient synthetic method. However, there are few studies on liquid-phase oxidation of methanol. Based on the above characterization, the catalytic performance of Pd/ MIL-53(Al) catalyst for liquid-phase oxidation of methanol to methyl formate was evaluated. The effects of Pd loading, catalyst dosage, reaction time, temperature, oxygen pressure for catalytic performance and reusability of catalysts were investigated. Figure 5 shows the performance of Pd/MIL-53(Al) catalysts with different Pd loadings under the same conditions of 150 °C and 2 MPa O 2 . When only MIL-53(Al) was used as the catalyst without Pd loading, the activity of the reaction was extremely low. The methanol conversion rate was only 13.8%, and the methyl formate yield was 5.6%. With the increase in Pd loading increased from 0.5 to 5 wt%, the methanol conversion increased from 17.9% to 60.3%, and the methyl formate yield increased from 7.8% to 37.5%, both significantly improved, indicating that Pd is the main active species for the methanol oxidation reaction. As the Pd loading increases, the number of Pd active sites participating in the reaction also increases, and the Pd NPs can effectively enhance the ability to activate oxygen molecules (Xu et al. 2017) . After continuously increasing the Pd loading to 6 wt%, the methanol conversion rate is basically unchanged, but the methyl formate selectivity begins to decrease. This may be due to the excessive loading of Pd and some Pd NPs being agglomerated during the preparation of the catalyst. The surface metal dispersion will decrease, and the relative content of the catalytic metal will decrease. On the other hand, the oxidability of the catalyst is dominant. The formaldehyde adsorption species on the surface of Pd (111) are oxidized to formate species and further decomposed to form CO 2 , which was not conducive to the formation of methyl formate (Wojcieszak et al. 2013a ).
Effect of Pd loading
Effect of the dosage of catalysts
The effect of catalyst dosage on reaction performance is shown in Fig. 6 . The reaction barely happens without any catalyst. With the increase in catalyst dosage, the number of active sites in the reaction system is gradually increased, and the conversion of methanol was also gradually increased. When the amount of catalyst increased from 10 mg to 20 mg, the methanol conversion rate increased greatly, from 34.4% to 53.4%, and the yield of methyl formate increased from 23.9% to 37.0%. When the amount of catalyst continued to increase, the methanol conversion rate increased slowly, and the increase in conversion rate was not enough to match the increase in the amount of catalyst. The utilization efficiency of active sites decreased (Hou et al. 2004) . When the dosage of catalyst increased from 20 to 50 mg, the selectivity for methyl formate decreased gradually, indicating that excessive catalyst would reduce the degree of dispersion of active sites. Some active sites were covered, so the selectivity of products was affected (Sun et al. 2005) . But the yield did not change significantly and reached a stable state. Therefore, considering the consumption of catalyst and the yield of the target product methyl formate, 20 mg was chosen as the optimum catalyst dosage. Figure 7 shows the relationship between reaction time and catalytic performance. At the beginning of the reaction, the methanol conversion and methyl formate yield are gradually increased with the extension of reaction time. When the reaction time reached 4 h, the growth rate of the conversion began to slow down. After 5 h, the methanol conversion and the methyl formate yield both remained constant. The methanol conversion rate reached 52.5%, and the methyl formate yield was 36.7%. The reaction reached equilibrium. Up to 3 h, the methyl formate selectivity increased from 51.2% to 72.7% as the reaction progressed. Then, as the reaction time continued to increase, the methyl formate selectivity began to slowly decrease to a stable level, which may be due to the aggregation of highly dispersed metal nanoparticles to reduce surface energy, and the catalytic performance is decreased (Kesavan et al. 2011 ). On the other hand, as the amount of methanol conversion increases, the collision probability between the formed formic acid intermediate and the surrounding methanol molecules decreases, so that the selectivity of esterification to form methyl formate decreases. The performance study on the reaction time shows that the catalyst has good stability in the liquid-phase methanol oxidation reaction. 
Effect of reaction time
Effect of temperature
Figure 8 exhibits the change in catalytic performance at different reaction temperatures. It can be seen from the figure that the temperature has a great influence on the activity of the catalyst. At less than 130 °C, the methanol conversion rate hardly changes significantly (from 22.4% to 28.2%). When the reaction temperature rises from 130 to 150 °C, the methanol conversion increased rapidly to 53.4%, while the selectivity of methyl formate reached the highest selectivity of 78.6% at 130 °C. Then, with the further increase in temperature, the selectivity of methyl formate began to decrease gradually. Although the elevated temperature can improve the selectivity of methyl formate to a certain extent, the reaction temperature should not be too high. Because the activity of the oxygen species on the surface of the Pd catalyst is high, the adsorption capacity to the formaldehyde intermediate is also strong (Chen et al. 2004) , and the methanol is easily deeply oxidized to form carbon dioxide and other by-products (Dimitratos et al. 2005) , reducing the selectivity of the reaction. Considering the formation mechanism of methyl formate, methanol oxidation first generates the intermediate product formaldehyde, and it is beneficial to this reaction to raise the temperature. The dehydrogenation of methoxymethanol intermediates formed by the condensation of the adsorbed methoxides with HCHO (Lichtenberger et al. 2007 ) and the esterification of formic acid formed by further oxidation of formaldehyde and methanol to methyl formate (Wojcieszak et al. 2014a ) both require increasing the number of acid sites of the catalyst to match the oxidation reaction and the condensation reaction.
Effect of oxygen pressure
The effect of the initial oxygen pressure from 0.5 to 2.5 MPa on the reaction performance is demonstrated in Fig. 9 . It can be seen from the figure that as the initial oxygen pressure increases from 0.5 to 1 MPa, the methanol conversion increases significantly from 15.6% to 23.8%. When the oxygen pressure is continuously increased to 2.5 MPa, the rate of methanol conversion increases gradually and the methyl formate selectivity decreased slightly from 85.8% to 76.3% with increasing oxygen pressure. This is because as the initial oxygen pressure increases, the adsorption activation of oxygen on the surface of Pd is enhanced, providing more active oxygen atoms (Mate et al. 2013 ), which are combined with H adsorbed on the surface of Pd from O-H cleavage in methanol and β-H elimination to form water, thus releasing the active site of Pd (Mori et al. 2004 ) and promoting the oxidation of MeOH. However, if the oxygen pressure is further increased, the adsorption of oxygen molecules on the surface of Pd reaches saturation, and the rate of adsorption and dissociation is balanced (Hou et al. 2008) , so the conversion of methanol is not significantly changed. At the same time, excess oxygen will continue to oxidize the CO formed by the decarbonylation of formaldehyde to CO 2 , which is so-called over oxidation (Kluytmans et al. 2000) , reducing the selectivity of the target product methyl formate. Under the same operating conditions, using N 2 instead of O 2 to replace the air in the reactor for experiments, there is almost no conversion of methanol, indicating that O 2 as the sole oxidant plays an important role in removing the adsorbed species on the catalytic active sites and renewing the active sites for the next catalytic cycle (Mallat and Baiker 2004) . Based on the above studies, a possible reaction mechanism was proposed for the selective oxidation of methanol (Ferri et al. 2006 ), and the O-H bond in methanol weakens, formation of Pd-O bonds prevails, and chemisorbed methoxy species CH 3 O are formed (Liu and Corma 2018) . Then, the adsorbed methoxide species are transformed to formaldehyde by β-H elimination, which has a higher activation energy and is the rate-determining step for the whole reaction . Next, the O 2 molecules are adsorbed and activated on the surface of the Pd nanoparticles to generate reactive oxygen atoms [O*] (Keresszegi et al. 2002) , which react with the formed metal hydride and oxidize the H atoms thereon to release the active sites on the metal surface and simultaneously generate H 2 O as the by-product (Abad et al. 2008) . However, the reaction of directly inserting oxygen atoms into formaldehyde to form formic acid is usually very slow (Mallat and Baiker 1994) , so it is speculated that the formation of formic acid is obtained by hydration of formaldehyde with the formed H 2 O molecules to form methyl glycol and then removing two hydrogen atoms on Pd (Keresszegi et al. 2005) . Finally, the formic acid formed is esterified with the nearby adsorbed methanol molecules on the Lewis acid sites of the supported MIL-53(Al) and then desorbs from the surface of the support to form methyl formate.
Reusability of catalysts
In order to evaluate the stability of the catalyst, the reusability of Pd/MIL-53(Al) catalyst was tested under the same experimental conditions. As shown in Fig. 11 , the catalyst showed great stability. After five times repeated use, the methanol conversion decreased from 60.3% to 57.6%, and the activity of the catalyst did not change significantly. From Fig. 12 , it can be seen that the metal nanoparticles in the reused catalyst remain highly dispersed without large particle agglomeration. ICP tests were carried out on the reused catalyst and reaction solution. The Pd content in Pd/MIL-53(Al) catalyst was still higher than 4.9 wt%, and no Pd species was detected in the reaction solution, which also explains the reason why the catalytic activity of Pd/ MIL-53(Al) catalyst did not decrease significantly. It shows that Pd/MIL-53(Al) catalysts have excellent stability in the liquid-phase oxidation of methanol, and the whole reaction is heterogeneous rather than homogeneous.
Conclusions
In summary, Pd nanoparticles immobilized on MIL-53(Al) were synthesized as a novel bifunctional catalyst for highly effective liquid methanol selective oxidation to methyl formate, and the structure and performance of catalysts were investigated in detail. Particularly, under the solvent-free conditions of 150 °C and 2 MPa O 2 for 5 h, the methanol conversion catalyzed by 5 wt% Pd/MIL-53(Al) could reach 60.3%, and the selectivity of methyl formate was up to 62.2%. The high catalytic activity of the catalyst was attributed to the unique confinement effect of the porous structure within the MOF and the highly dispersed Pd nanoparticles with an average size of 4.6 nm. In contrast to chemically and thermodynamically unstable MOFs, Pd/ MIL-53(Al) was readily recycled without degradation of its structure and catalytic activity. In brief, Pd/MIL-53(Al) catalysts might pave the way to one-step oxidation of liquid methanol to methyl formate, which possesses potential application prospects.
